Jupiter's atmosphere is rotating differentially, with zones and belts rotating at speeds that differ by up to 100 metres per second. Whether this is also true of the gas giant's interior has been unknown 1,2 , limiting our ability to probe the structure and composition of the planet 3, 4 . The discovery by the Juno spacecraft that Jupiter's gravity field is north-south asymmetric 5 and the determination of its non-zero odd gravitational harmonics J 3 , J 5 , J 7 and J 9 demonstrates that the observed zonal cloud flow must persist to a depth of about 3,000 kilometres from the cloud tops 6 . Here we report an analysis of Jupiter's even gravitational harmonics J 4 , J 6 , J 8 and J 10 as observed by Juno 5 and compared to the predictions of interior models. We find that the deep interior of the planet rotates nearly as a rigid body, with differential rotation decreasing by at least an order of magnitude compared to the atmosphere. Moreover, we find that the atmospheric zonal flow extends to more than 2,000 kilometres and to less than 3,500 kilometres, making it fully consistent with the constraints obtained independently from the odd gravitational harmonics. This depth corresponds to the point at which the electric conductivity becomes large and magnetic drag should suppress differential rotation 7 . Given that electric conductivity is dependent on planetary mass, we expect the outer, differentially rotating region to be at least three times deeper in Saturn and to be shallower in massive giant planets and brown dwarfs.
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Juno measurements of odd gravitational harmonics 5 constrain the maximum depth to which the observed atmospheric zonal flow persists 6 . These estimates, however, are based on the north-south asymmetries in the zonal flow, and cannot exclude the presence of a deeper north-south symmetric flow. Fortunately, further insights can be obtained by comparing the even gravitational harmonics obtained from interior models assuming rigid rotation with those expected for a differentially rotating planet. The harmonics from rigidly rotating interior models are highly correlated because they probe similar regions of the interior 8 . On the other hand, differential rotation similar to that observed in the cloud layer affects the different gravitational harmonics (moments) relatively evenly 9, 10 . We derive an ensemble of interior models with Jupiter's mass and equatorial radius using both the CEPAM code 11 and by perturbing density profiles obtained by the Concentric MacLaurin Spheroid (CMS) code 12 . Our range of J 2 values is set by Juno's measurements and the maximum uncertainty due to the unknown interior differential rotation 10 . These models use different equations of state of hydrogen and helium 13, 14 , including a possible jump of up to 500 K in temperature in the helium phase-separation region, and the possibility (or not) of a dilute core 12 . The calculation of the gravitational harmonics is performed in two ways, with the CMS theory 15, 16 directly or with a fourth-order theory of figures 17, 18 combined with a direct integration of the reconstructed two-dimensional density structure using a Gauss-Legendre quadrature. A calibration of the values obtained from the theory of figures to the CMS values ensures an accurate estimate of the highorder J values (see Methods).
The offset between differential and rigid rotation for each harmonic i (with 2i = 2, 4, 6, 8, 10),
rigid , is calculated by assuming that the dynamical flows generate density perturbations that can be related through thermal wind balance 10, 19 . We use a polynomial fit of degree m to the observed zonal winds 20 and an exponential decay in wind strength of e-folding depth H. We vary m between 2 and 30 and H between 0 km (rigid rotation) and 100,000 km (rotation on cylinders all the way to the centre of the planet), thus creating a wide range of possible interior flows. We use the Juno measurements 5 to calculate effective gravitational harmonics J i (H, m) . These are the values that must be matched by interior models assuming rigid rotation.
We compare the gravitational harmonics obtained from interior models to the effective gravitational harmonics in Fig. 1 . Our interior models purposely cover a wide range of J 2 values, compatible with the Juno measurements and variable interior differential rotation, varying from a solution representing a very shallow region with differential rotation at the surface to one representing a deep region extending to the planet's centre (Fig. 1a) . We also allow for a wide range of meridional profiles (m values), to allow for the possibility that the internal flows have less latitudinal variation than the cloud-level wind profile. We see that the extent of interior model solutions is noticeably smaller in J 4 versus J 6 and becomes a well defined linear relation in J 6 versus J 8 , and J 8 versus J 10 . On the other hand, differential rotation affects the J 2i values more uniformly as a function of the parameters H and m. The solutions are obtained by matching rigidly rotating interior models (black and grey dots) to the effective gravitational harmonics (coloured squares).
In the J 2 versus J 4 plane, any value of the effective gravitational harmonics can be matched by small adjustments of the assumed interior composition: no constraint on interior differential rotation is possible. In the J 4 versus J 6 , J 6 versus J 8 , and J 8 versus J 10 planes, the same interior models are incompatible with most values of the effective gravitational harmonics. The corresponding values of H and m are therefore excluded. In the J 4 versus J 6 plane, the interior models cross the Juno point, providing only an upper limit on H. However, in the J 6 versus J 8 , and J 8 versus J 10 planes, the slight offset between the Juno point and the interior model area implies that a lower limit on H may be derived. Mechanisms other than differential rotation cannot realistically explain that offset: in order to alter the relations between J 6 , J 8 and J 10 , they would need to strongly affect the interior density profile in the outer approximately 30% of the planet 8 . In this region, uncertainties in the H-He phase separation and related composition jumps are included in the interior model and constrained by the J 4 versus J 6 values. The other source of uncertainty is related to the condensation of water and silicates but is expected to affect J 4 by only about 10 , that is, more than one order of magnitude less than required (see Methods).
To estimate possible values of the wind depth H (measured from the 1-bar level, approximately the cloud tops), we calculate the likelihood that an atmospheric model (accounting for the effect of differential rotation) combined with an interior model (accounting for the effect of interior structure) matches the observed even gravity coefficients. For a given value of H, we integrate the function
σ 2i ] over all models in our ensemble and all values of m. σ 2i encompasses the 1σ uncertainty of the Juno measurements as well as the variance in our ensemble of models. Figure 2 confirms the analysis of Fig. 1 that J 2 versus J 4 or J 4 versus J 6 alone cannot be used to constrain the wind depth H. The strongest constraints on H come from the J 6 versus J 8 and J 8 versus J 10 planes because the weights of atmospheric contributions become large relative to those for the lower harmonics. When constraints from J 2 to J 10 are combined, a strong peak emerges in the likelihood function in Fig. 2 . Only values of H between 2,000 km and 3,500 km are compatible with the available data. This depth corresponds to the one at which the electrical conductivity 21 increases to a modest value (0.01-1 S m The points correspond to interior models of Jupiter calculated assuming rigid rotation using CEPAM 11 (black points) and CMS 12, 15 (grey points). The coloured squares correspond to the values that must be matched by interior models in order to be considered successful solutions for observed zonal flows extending to various depths, from H = 500 km to H = 100,000 km, and by filtering the atmospheric flow (m from 2 to 30; see text) 10 . The numbers on the plots correspond to the value of m for H = 10,000 km. The Juno measurements and their 1σ error bars are shown in yellow. Because these are extremely small, arrows point to the corresponding points. Insets are close-ups around the Juno points for all four panels. the Lorentz force associated with the zonal flow (magnetic drag) becomes comparable to the observed divergence of the Reynolds stress in the cloud layers 7, 22, 23 . Indeed, energy budget considerations of the ohmic dissipation being smaller than the observed luminosity predict a penetration depth between about 2,000 km and 2,800 km below the cloud tops of Jupiter 7, 24 . The results obtained in Figs 1 and 2 are based on a simple law (an exponential decay of the atmospheric zonal flow) that was obtained independently of Juno's measurements 10 . In Fig. 3 we show that the more elaborate differential-rotation law that is fitted to Jupiter's odd gravitational harmonics 6 is consistent with the interior models, confirming that the symmetric and asymmetric parts of the observed zonal flow extend to a similar depth. The solutions matching the observations generally cover an extensive parameter space (see Extended Data Table 1) . One salient feature is that these solutions are characterized by an increase of the heavy-element abundance in the deeper interior, either where hydrogen becomes metallic or deeper in a dilute core, confirming the results obtained after Juno's first two orbits 12 . Furthermore, by adopting the differential rotation law for the upper 3,000 km of Jupiter's atmosphere, we can provide approximate constraints on the rotation of the deeper parts of the planet. To do so, we assume that the deeper interior rotates on cylinders all the way to the centre and adopt a scaled version of the Δ J 2i relations from Fig. 1 . We calculate the likelihood of such a model with unknown deep differential rotation v between zero and the observed atmospheric rotation of about 100 m s −1 , using the same approach as for Fig. 2 (see Methods) . The results are shown in Extended Data Fig. 2 . Only an upper limit may be derived on v: beneath the first 3,000-km-deep layer, deep differential rotation must be limited to amplitudes at least an order of magnitude smaller than the observed atmospheric ones.
The observed winds thus penetrate deep in the atmosphere all the way to the levels at which the conductivity and the resulting magnetic drag become large enough to force fluid motions into rigid-body rotation 23, 24 . In gaseous planets, electrical conductivity strongly increases with pressure, which is itself a strong function of the planetary mass. In Saturn, one must go three times deeper than in Jupiter to reach the same conductivity 7, 21 . Saturn has a similar intrinsic luminosity but a magnetic field that is an order of magnitude smaller than Jupiter's 25 . We hence expect Saturn's outer, differentially rotating region to extend to at least 9,000 km, which should leave a strong imprint on its gravity field. Conversely, massive giant exopla nets and brown dwarfs should have shallower differentially rotating, outer envelopes 26 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
MethOdS
Calculation of interior models. The internal structure of Jupiter is calculated using the equations of hydrostatic equilibrium, energy transport, energy and mass conservation, which are solved with the interior structure code CEPAM
27
. These models are constructed to fit observational constrains such as Jupiter's radius and gravitational harmonics.
We adopt a four-layer structure for the interior models: (1) a helium-poor upper envelope in which hydrogen is in molecular form, (2) a helium-rich, metallichydrogen lower envelope, (3) a dilute core which consists of helium-rich metallic hydrogen with an increase of the heavy-element content and (4) a central dense core of ices and rocks. Because convection tends to homogenize large fractions of the envelope 28 , we expect that regions (1) and (2) should be largely convective and homogeneous. However, the presence of a phase separation 29 of helium in metallic hydrogen at about 1 Mbar may create a barrier to convection [30] [31] [32] and thus yield an increase in both helium and heavy-element abundances. The dilute core region may be inhomogeneous and an extension of the core itself 33, 34 . The determination of Jupiter's internal structure still rests on the accuracy of the equations of state 11, 35, 36 . For H and He we use two of the most recently published equations of state calculated from ab initio simulations: MH13 13 and REOS3
14
. For REOS3-H and REOS3-He, the pure hydrogen and pure helium equation-of-state tables, respectively, we calculate the entropy with a dedicated procedure 11 . MH13 was produced for a fixed mixture of H and He. To allow different concentrations of H and He in the different layers we extract from MH13 the table for H and since MH13 does not cover the entire pressure range in Jupiter's interior we merge the extracted table with the Saumon-Chabrier-van Horn equation of state 11, 36 . The heavy elements are assumed to be composed of rocks and ices 37 .
Since we attempt to calculate the largest possible ensemble of realistic interior models we allow for the possibility of either efficient convection or double-diffusive convection in the helium phase-separation region by including a possible jump in temperature in that region [30] [31] [32] 35, 38 . Uncertainties in the location and characteristics of the helium phase-separation zone are considered by varying the limit 29 between region (1) and region (2) between 0.8 Mbar and 3 Mbar. Uncertainty about the presence of the dilute-core region (3) is included by performing some of the calculations either without this region (three-layer models) or with region (3) and including three variable parameters: the location of the transition, its smoothness and the heavy-element fraction in the transition region.
To obtain this large ensemble of possible interior models, for each set of imposed parameters, we obtain the mass fraction of ices in region (1) and the core mass that best fits the observed equatorial radius of the Jupiter 39 , 71,492 ± 4 km and the gravitational harmonic J 2 following an optimization procedure 40 . We do not attempt to fit the other gravitational harmonics and we allow for a large range of values for J 2 between 0.014665 and 0.014725 in order to probe the ensemble of possible solutions, from rigidly rotating solutions to differential rotation extending all the way to the planetary centre.
Extended Data Table 1 summarizes the parameters used in the models. Their values are drawn either from a Gaussian distribution when they are constrained observationally or from a uniform distribution when we do not have sufficient a priori knowledge of their value. More than 200,000 interior models were calculated.
We calculate models in which the amount of water and rocks is suppressed at temperatures below 200 K and 3,000 K, respectively, in order to mimic the condensation of these species. The changes to J 4 (about 10 ) are found to be too small to affect the results. We also use an alternative method in which we perturb the density profiles for Jupiter 9 and calculate their gravitational harmonics using CMS. We introduce between 1 and 4 density jumps at random pressures. The magnitudes of the density changes are also chosen randomly between − 5% and + 5% to represent possible compositional deviations or equation-of-state deviations that are not yet understood. These thus represent a wide ensemble of models-some of them unphysical (for example, because of a decrease in density with increasing pressure). Nevertheless, the inferred ensemble of gravitational harmonics (grey points in Fig. 1 ) overlaps very closely with that obtained using full interior structure models (black points), suggesting that the results, in terms of the gravitational moments of a rigidly rotating Jupiter, are robust. Calculation of gravitational harmonics. The calculation of the gravitational harmonics is performed as follows: for the CMS model and their perturbations we use the CMS approach 15, 16 . For the CEPAM models, we use the faster theory of figures to fourth order 17, 18 to obtain a bi-dimensional interior density profile ρ(ζ, θ) where ζ is the (dimensionless) mean radius and θ the colatitude. We then calculate the gravitational harmonics J l as:
where M and R are the planetary mass and equatorial radius, respectively, r ζ is the partial derivative of r with respect to ζ, and P l (cosθ) is the Legendre polynomial of degree l. We use a Gauss-Legendre quadrature in the horizontal direction θ and finite differences in the radial direction ζ. Extended Data Table 2 shows a comparison of solutions obtained from this method and from two other approaches. First, we use CEPAM on an n = 1 polytropic equation of state and compare the solution to that calculated using an extremely accurate method 16 . The results are in good agreement, with offsets being at most 1.5 × 10 −7
. These offsets are a natural consequence of the theory of figures expansion 17, 18 . We then compare more realistic Jupiter models calculated with CEPAM and with the CMS method. The offsets for high-order harmonics are remarkably similar to the ones obtained for the polytropic model. The offsets for J 2 are comparatively more important and are believed to be due to discretization errors 16 . These imply a small error on the core mass and the mass of heavy elements in the planet by an amount that is negligible in regard to the other uncertainties 18 . By comparing the solutions obtained with two slightly different models having the same J 2 value with CEPAM and CMS, respectively (line REOS1a-1b in Extended Data Table 2 ), we can see that the offset in J 2 has a small effect on J 4 and an even smaller one on higher-order harmonics.
Using these results, we adopt the following offsets δJ 4 = 0.11 × 10 −6 , δJ 6 = − 0.057 × 10 . Although we expect this offset to change slightly as a function of the parameters used, the level of precision obtained is sufficient to derive constraints on the internal differential rotation. This is shown in Extended Data Fig. 1 , which compares calculations performed with the different approaches. Constraints on deep differential rotation. To derive constraints on the amount of differential rotation underneath the 'atmospheric' layer, we proceed as follows: First we imagine that we can divide the interior into a differentially rotating outer shell tied to the atmospheric zonal wind and a deeper layer with a smaller amount of differential rotation (with characteristic zonal velocity v) all the way to the centre of Jupiter. Given that the rotation of the outer shell is constrained by the odd harmonics, we wish to find the possible values of v. We therefore need to associate effective gravitational harmonics J i 2 obs with each value of v. We do so by adding Juno's value, the offset derived from the latitude-dependent flow profile that best fits Juno's odd harmonics, and a deeper component that is obtained from the purely cylindrical component for H = 100,000 km (see Fig. 1 
